High molecular weight glutenin subunit composition and variation in 95 Elite-1 synthetic hexaploid (SH) wheats (Triticum turgidum/Aegilops tauschii; 2n = 6x = 42; AABBDD) were determined by sodium dodecyl sulphate polyacrylamide gel electrophoresis method (SDS-PAGE). Twenty two different alleles at Glu-1 loci in SHs were observed. Forty four different patterns of HMW-GS in synthetics were found. This higher HMW glutenin composition was due to higher proportion of D-genome encoded subunits in these SHs. 8% urea/ SDS-PAGE better discriminated subunit 2* than 12% gels. However 12% urea/SDS-PAGE allowed differentiated mobility of Glu-D t 1 subunits. Genetic variability at Glu-D t 1 locus was greater than Glu-A1 and Glu-B1 loci. The relative high frequency of superior alleles, Glu-B1b and Glu-D t 1d indicated the superior bread making quality attributes embedded in these synthetic hexaploid wheats. Of the 95 Elite-1 SHs 27.1% possessed superior alleles at Glu-A1 and 51% had superior alleles at Glu-B1 locus. At Glu-D t 1 frequency of inferior allele 1Dx2 + 1Dy12 was very low (5.26%) and nine different rare alleles along with the higher frequency (22.1%) of D-genome encoded subunit, 1Dx5 + 1Dy10, were observed. These superior alleles shall form the priority selective sieve for their usage in wheat improvement efforts.
Introduction
Development of wheat cultivars with good bread making quality is a challenging objective for many wheat breeding programmes. The major wheat endosperm protein, the gluten, is responsible for bread making quality (Branlard and Dardevet 1985) . Gluten is comprised of two prolamine groups, gliadins and glutenin. Glutenins consist of low-and high-molecular-weight (LMW and HMW) complex subunits and constitute about 30-40% of flour protein. It has been reported that HMW glutenin subunits have the largest effect on bread making quality, even though they constitute only 10% of the total storage proteins as compared to LMW which contribute 40% (Payne et al. 1984) . The HMW-GSs described as Glu-A1, Glu-B1 and Glu-D1 are encoded by multi-allelic genes located on the long arms of chromosomes 1A, 1B and 1D respectively (Payne et al. 1984) . Each of these loci encode one x-type and one y-type subunit gene. These loci are highly polymorphic in nature without environmental influence (Payne et al. 1981a) . Hence allelic variation results in different combinations of HMW subunits in different genotypes. Due to the consequences of gene silencing, flour particles have a combination of three to five HMW glutenin subunits (Payne 1987) . These subunit combinations are used to predict the bread making quality on the basis of the Glu-1 scoring system which is being used for many years.
Common wheat (Triticum aestivum L. 2n = 6x = 42; AABBDD) originated from a limited number of natural events where Aegilops tauschii (D-genome donor) accessions of restricted geographic origin were involved, thus resulting in a narrow genetic diversity within the D-genome (Lagudah et al. 1987) . Ae. tauschii conserves a rich diversity source for enhancing the genetic variability of glutenin subunits in bread wheat that can significantly improve bread making properties (Pfluger et al. 2001) . So far, 14 x-type and 10 y-type subunits in Ae. tauschii have been identified which combine into 85 different Glu-D1 alleles. Synthetic hexaploid wheats (T. turgidum × Ae. tauschii; 2n = 6x = 42; AABBDD) have been developed by utilizing different Communicated by H. Tsujimoto Received October 24, 2011 . Accepted March 25, 2012 Ae. tauschii accessions from diverse geographic origins with durum wheat genotypes through standard wide cross hybridization procedures with the objectivity to enrich/widen the wheat gene pool by unique genetic resources and addressing all areas of wheat improvement including grain quality (Mujeeb-Kazi et al. 2008) . Therefore these synthetic hexaploids wheats (SHs) are a valuable source for improving bread-making quality which harnesses genetic diversity from Ae. tauschii.
Keeping in view the above genetic resource diversity scenario the current study has investigated with the objective to identify the HMW glutenin subunit compositions and extent of variability in synthetic hexaploid wheats that are composed of various durum and Ae. tauschii accessions.
Materials and Methods

Plant material
The germplasm studied is a subset selected from a wide array of CIMMYT's synthetic hexaploids produced over the last two decades (Mujeeb-Kazi et al. 2008 ). This Elite-1 subset is in wide global distribution and utilization. The synthetics in this subset possess an agronomically more desirable grown habit under three Mexican locations; Obregon (27°20′N, 105°55′W, 39 masl), Toluca (19°17′17″N, 99°40′1″W) and El Batan (19°31′N, 98°50′W, 2,249 masl) (Mujeeb-Kazi et al. 2000) . Growing the synthetics in these locations enabled selections to be made for this Elite-1 subset. It is comprised of 95 primary synthetic hexaploid wheats derived from the combinations of 33 durum wheats and 74 Ae. tauschii accessions ( Table 1) . The production and protocol has been reported earlier (Mujeeb-Kazi et al. 1996) . Seven wheat genotypes (Chinese Spring, Pavon-76, Pak-17951, SH-231, SH-248, SH-261 and SH-49) and four Ae. tauschii accessions (CIae1, CIae11, CIae25 and PI603250) with known banding patterns were used as standards for the identification and comparison of generated bands. The 34 durum parents within these synthetic hexaplods were also characterized separately for Glu-A1 and Glu-B1 subunits to confirm respective subunits in the synthetic hexaploid wheats.
Protein extraction and SDS-PAGE
A single spike was harvested separately from each of 95 synthetic wheat accessions and their 34 durum parents for SDS-PAGE analysis. A single grain from each spike was crushed, ground to powder and 10 mg of each weighed and taken in a microtube. To extract protein from flour, 1 ml of protein extraction buffer (0.05 M Tris + 0.2% SDS + 5 M Urea, adjusted to pH 8.0 with HCl) was added into the microtube. After few minutes 10 μl mercaptoethanol was added into microtube and mixed well with the help of a Vortex mixer. The HMW glutenin subunits were analyzed through slab type SDS-PAGE using 8% and 12% polyacrylamide gels without urea. Electrophoresis was run at 200 V until the blue line marker passed through the bottom of gel plates. The gels were removed from plates, stained with 0.2% (w/v) Coomassie brilliant blue for 20-30 minutes over a shaker. For de-staining 5% methanol solution was prepared in 7.5% acetic acid.
Nomenclature
The allelic classification at Glu-A1 and Glu-B1 loci and the numbering of HMW glutenin subunits were based on the classification of Payne and Lawrence (1983) . The alleles at Glu-D t 1 locus were identified according to Pena et al. (1995) and William et al. (1993) . All the allele names were obtained from MacGenes (McIntosh et al. 2008) . The synthetic hexaploid y-type subunit which was initially named T2 was replaced by 12.2 according to Gianibelli et al. (2001) . Glu-D t 1 subunit pair identified as 2.1 + 12 is not documented in MacGenes therefore its given allelic designation Glu-D t 1ga which is a combination of individual allelic names of both subunits.
Statistical analysis
The genetic diversity at each locus was calculated using Nei's index (Nei 1973 ): H = 1 − ΣPi 2 , with H and Pi denoting the genetic variation index and the frequency of the number of alleles at the locus, respectively. Allelic frequencies were determined by summing the allelic frequencies in the individual accessions, irrespective of whether the HMW-GS composition was homogeneous or heterogeneous, and then dividing this total by the number of accessions.
Results and Discussions
Allelic variation at Glu-1 loci for HMW glutenin subunits in synthetic hexaploid wheats
The results obtained from this study described as HMW glutenin subunit compositions and allele frequencies in 95 Elite-1 synthetic hexaploid wheats are described in Table 2 and Supplemental Table 1 . Unit allelic variability in these synthetic hexaploids at 12% gel is presented in Figs. 1, 2.
Twenty two different Glu-1 alleles were found, three at Glu-A1, six at Glu-B1 and thirteen at Glu-D t 1 (Table 1) . At Glu-A1 locus three x-type subunits 1, 2* and null encoded by alleles Glu-A1a, Glu-A1b and Glu-A1c, respectively were found. The null allele was found most frequently in 68 (71.6%) genotypes followed by subunit 1 in 15 (15.8%) synthetic wheats while the subunit 2* was observed in 12 (12.6%) genotypes. Previously Pena et al. (1995) reported the presence of null allele in all synthetic hexaploid wheats studied, which may be due to the fact of a small population size. The y-type subunit at Glu-A1 locus always remains absent. However, its activation at this locus can have clear effects on bread-making quality (Ciaffi et al. 1995) . Several reports are available on activation of this y-type subunit in A-genome donor species (T. urartu, T. monococcum and T. boeoticum). This allelic richness for y-type subunit has been captured in A-genome amphiploids (Rasheed et al. 2010) which are compatible to be hybridized with common bread wheat and can be transferred through standard breeding procedures. An et al. (2005) reported the genetic diversity depicted by different co-dominant alleles at Glu-A1 locus to be 0.19 which was very low as compared to our (0.59) finding. This is due to the fact that in these SHs 1 and 2* both covered a major proportion while in the studies reporting less diversity at this locus, major proportion was occupied by the 'null' subunit. It has also been determined that quality characteristics of varieties with subunit 1 were better than those of 2* and the null allele (Li et al. 2009 ). The quality characters of varieties with subunit 2* and null however were not significant.
At Glu-B1 locus, six different co-dominant alleles were found. The Glu-B1c allele controlling the subunit 7 + 9 was less frequent (2.1%) among all the subunits at this locus. The most frequent allele was Glu-B1b controlling subunit 7 + 8 found in 46 (48.4%) genotypes followed by Glu-B1d and Glu-B1e controlling the subunits 6 + 8 and 20 in 18 (18.9%) and 19 (20%) genotypes respectively. Subunit 6 + 8 is very common in synthetic hexaploids and durum wheats but its frequency is very low in bread wheat. Tang et al. (2010) analyzed quality effects of 6 + 8 on 21 quality and noodle test parameters. The overall effect of 6 + 8 subunit was positive influencing most of the quality parameters particularly if combined with superior subunits from Glu-A1 and Glu-D1. The other HMW-GS alleles found at this locus were Glu-B1f encoding 13 + 16 subunit and Glu-B1i encoding subunit 17 + 18 were observed in 7 (7.3%) and 3 (3.2%) accessions respectively. The genetic diversity at this locus depicted by these alleles was 0.70. Earlier, Pena et al. (1995) reported that subunit 7 + 8 was most frequent in synthetic hexaploids. Similar is the case of Chinese (71.9%) and Japanese varieties (83.2%) in which the subunit 7 + 8 was most frequent (Nakamura 2000) . In this work most of the synthetics (80%) possess the subunits 7 + 8, 6 + 8, 17 + 18, 7 + 9 or 13 + 16 which were found to have superior impact on bread making quality. These subunits were considered to have the same quality score at Glu-B1 locus (Gianibelli et al. 2002) . The effect of subunit 7 on the quality characteristics was found lowest at this locus (Li et al. 2009 ) and this subunit was not found alone in these accessions. The frequent subunit 7 + 8 was also reported to be associated with extensibility in bread wheat doughs (Pena et al. 1995 , Uhlen 1990 . So the higher frequency of important alleles Glu-B1b, Glu-B1f and Glu-b1i suggested the inherent potential of these synthetic hexaploids towards bread making quality. The durum parents of these SHs like Croc_1, Dverd2, Ceta, Yar, Gan, Scoop1 and Altar-84 had desirable HMW glutenin composition. A valuable genetic variability (0.86) was found at Glu-D t 1 locus for HMW-GS in these synthetics. It also justifies the objectives of development of these synthetics. As the allelic variation of HMW-GS strongly influences the variability in bread making quality and D-genome strongly influences bread making quality (Pfluger et al. 2001 , William et al. 1993 ) therefore a higher level of genetic variability at this locus is a valuable genetic reservoir to improve breadmaking quality. At Glu-D t 1 locus five x-type subunits viz. 1.5, 2.1, 2, 3 and 5, four y-type subunits viz. 10.5, 10, 12 and 12.2 constitute thirteen different co-dominant allelic combinations. The Glu-D t 1d allele controlling the subunit 5 + 10, is the most important and superior bread making quality subunit was found most frequent (21.05%) among all the subunits at this locus. Li et al. (2009) reported the superiority of this allele among all the other alleles at Glu-1 loci. Luo et al. (2001) reported the association of 5 + 10 subunit with sedimentation volume and longer pelshenke time. They also reported that 5 + 10 subunit in a genotype also results in greater wholemeal flour protein. It was also observed that migratory speed of 5 + 10 t subunit is slightly slower than 5 + 10. Payne et al. (1981b) established that 5 + 10 subunit has a superior quality affect over 2 + 12 and all other alleles at Glu-D t 1. The other subunits at this locus were 2 + 12 encoded by allele Glu-D1a found only in 5 (5.26%) genotypes. The other subunits contributed by Ae. tauschii include 2.1 + 12, 2.1 + 10, 1.5 + 12.2 and 1.5 + 12. Subunit designation of 1DyT2 was changed to 12.2 for uniformity in nomenclature and it had higher mobility than 1Dy12. This allele Glu-D1-2l controlling subunit T1 + T2 were first reported by William et al. (1993) in Ae. tauschii and they concluded that T1 and T2 occur together and their presence was designated as T2. The other important subunits at this locus were 1.5 + 12, 2.1 + 12 and 2.1 + 10 found in 16 (16.84%), 16 (16.84%) and 11 (11.57%) accessions, respectively. The subunit pair 3 + 10 was found in six genotypes. This subunit is associated with extensible gluten type and had larger bread loaf volume than 2 + 10 ( Pena et al. 1995) . The subunit 1.5 + 10 was found in three SHs and this subunit had better overall quality characteristics than genotypes having other subunits. Pena et al. (1995) and Tang et al. (2008) presented evidences that genotypes having the 1.5 + 10 subunit possessed the best bread-making quality. SHs with Ae. tauschii accession numbers 314, 511 and 725 had 1.5 + 10 subunit associated with subunits 7 + 8 and 20 at Glu-B1 locus which indicated the superiority of these SHs apart from the SHs with 5 + 10. Their bread-making quality can be further enhanced by utilizing them with bread wheat genotypes having active 1Ax subunit and selecting the derivatives having 1Dx1.5 + 1Dy10 and 1Ax1/1Ax2* at Glu-D1 and Glu-A1 loci, respectively. The subunit 1.5 + 10.5 and 2 + 10.5 were found only in one and two genotypes, respectively. These do not have any allelic designation in MacGene. The rigorous identification of D-genome encoded subunits requires comparative analysis at different SDS-PAGE concentrations with additional check lines. The present results indicated that 8-12% SDS gels facilitated differentiation migration of these novel subunits.
HMW-GS composition in synthetic hexaploid wheats
Forty four different HMW-GS compositions were observed in synthetic wheats (Supplemental Table 1 ). Pena et al. (1995) reported thirty six different allelic compositions in synthetic hexaploid wheats. Six (6.31%) genotypes possessed the combination of subunits Null, 7 + 8, 2.1 + 12, Ten (10.57%) genotypes had subunit composition of 7 + 8, 5 + 10; 17 + 18, 5 + 10 or 6 + 8, 5 + 10 indicating superior alleles at both Glu-B1 and Glu-D t 1 loci. Twelve synthetics showed the presence of a rare allele 1Dy12.2 at Glu-D t 1 locus with either subunit 1.5 or 2. The quality effects of genotypes with the 1Dy12.2 subunit were not determined because these are rare subunits and their quality effects are yet to be ascertained. The durum cultivars having either of subunit 1 or 2* at Glu-A1 along with Glu-B1 encoding subunits 7 + 8, 17 + 18 or 13 + 16 can enhance the bread making quality of these genotypes. Fifteen synthetics have either of 1 or 2* subunit at Glu-A1 locus along with superior (7 + 8, 17 + 18 or 13 + 16) subunits at Glu-B1 locus. Recent findings of Xu et al. (2010) include a wide array of D-genome encoded subunit in synthesized wheat germplasm with same durum background. Our findings presented in this study are important in a way that this set of synthesized genomic germplasms had valuable HMW variability in durum genome of SHs. From these results it is evident that synthetics have a good potential towards bread-making quality and their exploitation in breeding programmes can become a priority choice for the breeder emphasizing on wheat breeding for high grain quality. We propose that such quality descriptors should be the foundation of parental selectivity when a recombination breeding program is initiated.
Incorporating allelic diversity for Glu-1 from these synthetics is preferred due to their promising agronomic features. The improved agronomic features can also reduce the breeder's efforts of increasing the proportion of domestication gene (Q) by backcrossing with elite conventional bread wheat parents. Conclusively, higher variability at Glu-1 loci is associated with these synthetic hexaploid wheats which could be effectively utilized in a targeted manner in breeding programmes. Moreover the excellent crossability of synthetic wheats with conventional bread wheats facilitates the swift utilization of synthetic hexaploid wheats for introducing new Glu-D t 1 allelic variations into bread wheat. As SHs have diverse durum in their pedigree, the undesirable qualitative effects associated with Glu-B1 locus prevalent in durum wheat cultivars can be avoided by utilizing satisfactory quality diversity present in the durum cultivars that are within these unique synthetic hexaploid wheat resources. 
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